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INTRODUCTION
Opal claystone, a porcelaneous, very low density rock composed of opal cristobalite and clay, similar to that described by Heron and others (1965) , was identified in a sample collected from the upper part of the Turayf group of Early Tertiary age others, 1983, 1984) in the Sirhan-Turayf region, in the Al Amud work area south of Turayf. The region has been explored for phosphate rock for several years, beginning with reconnaissance mapping by Mytton (1966) and continuing with detailed studies by Meissner and Ankary (1970) . Recent extensive and detailed investigations in the Sirhan-Turayf region by the Riofinex Geological Mission (Kluyver and others, 1981, Riddler and , have added greatly to the knowledge of the regional stratigraphy. ]
In the course of a brief tour by us of the Sirhan-Turayf region ( fig. 1 ), under the auspices of the Riofinex Geological Mission and guided by Clive Aspinall, we found and sampled an opal claystone within the Rushayda claystone bed, above the Arqah phosphorite member, that crops out as a distinct unit in the cyclic sequence of the upper part of the Turayf group others, 1983, 1984) . The Turayf group extends from about long 37° 30' E. to long 40° 30' E., and from lat 29°45' N. past lat 32° N. into Jordan and Iraq. An area of more than 100,000 km^ in Saudi Arabia has been mapped and parts have been core-and percussiondrilled in the course of phosphate exploration. 
DESCRIPTION OF THE OUTCROP SECTION
The bed sampled is in the Al Amud member of the Umm Wu'al formation of the Turayf group, which is of Paleocene to Eocene age ( fig.2) . The Al Amud member lies conformably above the Arqah phosphorite. The opal claystone is part of the Rushayda claystone bed, which is the basal bed of the Al Amud member. The claystone beds consist of a sequence of 1 to 20 cm-thick beds of opal claystone interbedded with calcareous claystone beds of comparable thickness, aggregating about 15 m. The calcareous claystone beds were not sampled. The Rushayda claystone bed is conformably overlain by the Rushayda coquina bed, the upper bed of the Al Amud member. Quaternary-Tertiary basalt lava caps the sedimentary rocks in this area.
DESCRIPTION OF THE SAMPLE MATERIAL
The opal claystone is creamy white (very pale orange 10 YR 9-10/2 (Goddard and others, 1948) with brown ( 5 YR 4/2) fillings in cracks and light-brown (5 YR 6/4) coatings on exposed surfaces. Under long-wave ultraviolet light the claystone fluoresces deep purplish red. The claystone is porcelaneous, can be scratched with a knife point, breaks with conchoidal fracture, and will ring when two pieces are struck together. It fits the description of porcelanite of Bramlette (1956) . When wetted, moisture is quickly absorbed, an indication of its high porosity and permeability. There are no megafossils or obvious internal sedimentary structures. The bulk density is 1.3, half that of quartz.
Microscopic examination by George Andrews (USGS, written commun., 1984) , and E.I. Robbins (USGS, written commun., 1984) have determined that most of the original material was degraded beyond recognition, but some silicified sponge spicules, whole and fragmental diatoms, green algae ( fig. 3) , and silicified foraminifera remain. Ornamentation of the diatom fragments is highly varied, which suggests that many species are represented. One of the diatoms is Early Tertiary in age. In particular, Andrews observed two species of Coscinodiscus, one of Melosira, and a Trinacrea aff. T. conifera (Brightwell) Grunow. This assemblage suggests a marine origin.
Digestion of a portion of the sample in 10% HCL and 48% HF produced an organic residue which amounted to about 0.1 volume-percent of the rock. The residue was predominantly yellow-brown, amorphous remains of organic tissues. Recognizable material in the residue included a charred wood cell, grass cuticle, some degraded sponge spicules, and a degraded sponge plate. Pyrite formed about one percent of the residue. The predominant crystal form was 4 um framboids enmeshed in the tissues. One octahedral pyrite crystal was noted, as well as a rutile twin and two grains of an unidentified pale-blue mineral (E.I. Robbins, written commun., 1984).
X-ray diffraction analysis (Cu K-alpha) showed abundant cristobalite, matching opal-C of Jones and Segnit (1971) 
DISCUSSION
The opal claystone is an unusual rock and its origin apparently does not fit well with ideas Weaver and Beck (1977) developed in studies of phosphate, attapulgite, and diatom-rich sediments of the southeastern United States. Our hypothesis on the origin of the opal claystone in the Sirhan-Turayf basin is based on detailed examination of the sample, on the largely unpublished stratigraphic interpretation developed during phosphate exploration in the Sirhan-Turayf region, and on current paleogeographic interpretation.
The process of sediment deposition and paleogeographic distribution have been described by Riggs (1984) for the Miocene Atlantic coastal region of the United States, and the position of diatomites in the same units described by Scarborough and others (1980) . According to Riggs (1984) and Scarborough and others (1980) , whenever the continental shelf is sufficiently covered by water and a condition of oceanic upwelling exists, mud and sand accumulate in drowned stream channels and smaller estuaries, phosphatic sediments accumulate in larger estuaries and on the inner shelf, calcareous sediments accumulate on the middle and outer shelf, and diatomites accumulate at the most seaward part of the sequence. If the water becomes more shallow, the facies shift seaward, and if the water becomes deeper, the facies shift landward.
We believe that a closely analogous situation existed in the Sirhan-Turayf region during the Paleocene and Eocene (Barren and others, 1981, fig. 8 ). The main differences between the two areas are that the coastline and the main current ran broadly westward here (Haq, 1981, fig. 8 ) rather than northeastward, and this area lay solidly within the dry band of the northern tropics.
Recognition of diatom remnants supports the interpretation of the opal claystone deposit as a seaward shelf facies of the phosphatic beds, with stratigraphic relations comparable to those of the Pungo River Formation, as described by Scarborough and others (1980) . Like the Pungo River Formation, the opal claystone of the Sirhan-Turayf region probably was derived from diatomaceous sediments deposited as a result of diatom blooms associated with upwelling currents and active phosphorite sedimentation. Abundant wood-grained chert in the Turayf group, comparable to that described be DeCelles and Gutschick (1983) , reinforces this conclusion. Bramlette (1956) in his study of the Monterey Formation, California, concluded that diatomites are deposited where nutrients are abundant and detrital sediments are sporadic. In the Monterey Formation, the detritus was trapped before it reached the sites of diatomite deposition by tectonic blocking of streams. The Sirhan-Turayf region is characterized by thin, widespread deposits, which suggest uniform tectonic activity. Detritus was probably transported to the area largely by wind or by ocean current; because the ocean current flowed eastward from the deep sea, the current is viewed as an unlikely sediment vector. This would mean that wind was the primary carrier of the small amount of detritus deposited. Barren and others (1981) . Estimated ocean surface circulation from Haq (1981) .
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Figure ^. Location of the Sirhan-Turayf region 60 Ma ago. Adapted from
On the other hand, nutrient-rich water from the deep sea was carried by a westward setting current onto the continental shelf where there is warmth and sunlight in abundance. The nutrient-rich water, warmth and sunlight with the phosphorous and nitrates from the ocean created conditions favorable for extensive blooms of diatoms, which from time to time were the principal source of the opal claystone sediment. Layers of opal claystone in the Rushayda claystone bed represent these times.
The sequence of events began with the accumulation of diatom tests, a probable montmorillonitic clay mineral and sparse foraminifera. The abundance of marine fossils in beds conformably above and below the diatomitic sequence as well as the diatoms strongly suggest that deposition was in a very prolific marine environment.
The occurrence of attapulgite in these sediments leads to a separate problem. Weaver and Beck (1977) Weaver and Beck (1977) present abundant field evidence as well as evidence from chemical calculations to support their ideas. Their interpretation is commonly accepted in the southeastern United States, and the existence of attapulgite in a sediment with marine fossils is thought to be diagnostic of low salinity water and restricted circulation. But the geographic setting of the Sirhan-Turayf region during Eocene and Paleocene time was such that if a bay or lagoon existed, it would probably be more saline than normal sea water.
In the Sirhan-Turayf region, the opal claystone is underlain and overlain by highly fossiliferous marine limestones and contains diatoms generally considered oceanic or pelagic. No fossils associated with shallow water or restricted circulation have been found. It is likely, on this basis, that the opal claystone is an open water deposit. However, the wood and grass debris recognized in the sample suggests that deposition was not very far from land.
The only clay mineral present in the claystone is attapulgite and for reasons stated below it does not appear that the attapulgite in this deposit is detrital.
The expected path of diagenesis for amorphous silica is opal-A to opal-C to chert to quartz. The rate of the reaction depends on time, temperature, and the geochemical environment of the sediment. The sediments were deposited during Paleocene-Eocene time and the time interval available for diagenesis might be as much as 45 million years for a process that is reported to take a few days to 6 months in the laboratory (Kastner and others, 1977) .
Temperature effects on the chemical behavior of silica, magnesia, and pH in sea water in the range from 0 to 60 degrees C. are trivial (Weaver and Beck, 1977) ; according to Kastner and others (1977) significant factors in the geochemical environment are the concentration of silica in solution, the alkalinity of the solution, the presence of both magnesium and OH", with about twice as much hydroxyl as magnesium, and the presence of reactive clays.
Opal-A transforms to opal-C by a solution-redeposition process which involves a Mg and OH" compound as nucleation point for the beginning of crystallization. Opal-C transforms to chert by a solid-state process.
The transformation of opal-A to opal-C is fastest in carbonate sediments, much slower in pure siliceous oozes, and slowest in the presence of reactive clay minerals. The concentration of silica in solution also seems to have an effect on the diagensis of opal-A, with higher concentration favoring the formation of quartz. Applying Kastner's chemical data and conclusions to the opal claystone layers in the Rushayda claystone bed we find that if we start with diatoms (opal-A) and a reactive clay (preferably montmorillonite) in sea water we can go step by step to the opal-C and attapulgite of the Rushayda claystone bed. Once the sediments reached bottom and came to rest the opal-A began to dissolve and transform to opal-C saturating the water around each diatom with silica.
A small portion of the magnesium and OH" settled on the opal-C. By far the larger portion, together with silica, reacted with the clay, forming attapulgite. The process continued until the attapulgite consumed essentially all the magnesium and the alkalinity. The solution of opal-A and deposition of opal-C continued, at a vastly decreased rate, until practically all of the opal-A was consumed. By then the grains had grown together, the ooze had turned to rock, the reactants were depleted, and diagenesis stopped. i
In addition to opal-C and attapulgite, the sample contains calcite and halite. Because the entire process happened under salt water and salt did not enter the diagenetic reaction, the rock after diagenesis was saturated with residual salt water. The organic residue and pyrite suggest that at some time during deposition oxygen was depleted. The pale-yellow color of the organic residue suggests that it had never been deeply buried, because organic material darkens on exposure to heat in deep burial. Furthermore, geologic evidence suggests that the beds have been exposed to the weather and circulating ground water since at least Miocene time. It may be that the salt found in the sample is residual from the interstitial sea water and concentrated by crystallization from capillary water at the outcrop. The position of calcite crystals on both the silica and the halite, and the very small amount of calcite in the original material, suggest that the calcite was crystallized from surface water, possibly washed down from the overlying limestone.
Fresh samples collected by drilling from within the deposit should help resolve the problem of whether the salt is original or secondary. This problem is an economic one since salt is considered a corrosive and deleterious substance in some of the uses of this material.
POTENTIAL ECONOMIC VALUE
This opal claystone may be useful as a building stone in the warm, dry region in which it is found, partly because of low bulk density, which reduces the load factor, and partly because of the high porosity, which is associated with good insulation properties. The nearest market for such stone is Taberjal, a new farming town in Wadi Sirhan, about 100 km west of the Al Amud area.
Industrial use of the rock might be in abrasives, refractory insulation, as a filtration medium, and as an absorbant. It would make an excellent absorbent for house-pet waste, and it has a very strong affinity for grease and oil. A potential market for the rock as an industrial raw product is at Yanbu* al Bahr, a major industrial city and port on the Red Sea.
Agricultural use of the rock may be as a moisture-holding agent mixed in irrigated soil of the Sakakah area, about 130 km southeast of the Al Amud area.
